Abstract-Radio Occultation based on Global Navigation Satellite System signals (GNSS RO) is an increasingly important remote sensing technique. Its measurements are used to derive parameter of the Earth's atmosphere, e.g., pressure, temperature and humidity, with good accuracy. The systematic residual error present on the data processing is related to ionospheric conditions, such as the distribution of electrons and the resultant vertical gradient. This study investigates the relationship between these parameters and the residual ionospheric error (RIE) on the retrieved bending angle in the stratosphere. Chapman function combined to sinusoidal perturbations are used to model electron density profiles and compared to RO retrievals of the ionosphere to perform the investigation. The results confirmed that the major ionospheric influence on the retrieval error is related to the F-layer electron density peak, whereas small-scale vertical structures play a minor role.
INTRODUCTION
Radio Occultation (RO) is a remote sensing technique, firstly applied to investigate planetary atmospheres in the Solar System. RO became a feasible source of measurements of the Earth's atmosphere since the Global Positioning System (GPS) turned into a reliable service in the 90's [1] . The technique relies on Global Navigation Satellite Systems (GNSS) signals intercepted by a LowEarth Orbit (LEO) satellite. The fundamental signal measurement on the LEO satellite is the Doppler shift, which allows the derivation of the very basic product of the GNSS RO. The retrieved bending angle (α) is a record of the atmospheric characteristics. It describes the effect of refraction throughout the propagation of the signal between the GNSS and LEO satellites. The dynamics of the transmitter and receiver yields a scanning motion from the upper atmosphere (LEO orbit) down to the Earth limb.
Consequently, the scanning capability of different atmospheric layers is related mainly to the orbit of the LEO satellite and the purpose of each radio occultation mission. For instance, the Constellation Observing System for Meteorology Ionosphere and Climate (COSMIC) is composed by LEO satellites orbiting around 700 and 800 km, intended to investigate not exclusively the neutral atmosphere (stratosphere and troposphere) but also the upper atmosphere (ionosphere) [2] .
The RO data product has been mostly applied in Numerical Weather Prediction (NWP) [3] . Regarding the weather on Earth, the stratospheric and tropospheric conditions are of major interest, as well as the accuracy of these measurements. However, the bending angle (BA) on the lower-part of the atmosphere holds signatures of the bending added in the ionosphere and therefore may differ for different signal trajectories and different satellite altitudes (i.e., different atmospheric layers included). This fact implies the bending associated to the ionosphere must be removed to such application.
Different methods have been proposed in order to cancel out the ionospheric effect. The dispersion method [4] is the most known and usually named as standard ionospheric correction. Its main advantage is simple implementation and no prior information about the ionospheric conditions required. However, the dispersion method removes only the first order term of the ionospheric contribution. Lately, a modification of the standard correction has been proposed in order to remove the second order term, which is only feasible once the features of the ionosphere are known a priori. The kappa method is aimed to climatology or climate changing monitoring and, therefore, applicable on monthly-average bending angle measurements. It is dependent either on ionospheric measurements [5] or on geophysical parameters such as solar zenith angle, solar flux and altitude [6] .
Despite the method chosen to perform the ionospheric correction, small and large-scale structures present on the Ionosphere are related to the residual ionospheric error (RIE). Moreover, it is known that the level of perturbation observed yields different levels of RIE [7] [8] [9] [10] .
In this paper, small-scale structures are modelled on the ionosphere as sinusoidal perturbations. The vertical gradient and their influence on the RIE after the standard ionospheric correction are evaluated. The analysis also takes into account the influence of the electron density peak on the F-layer range. This paper is divided in six sections. Sections 2 and 3 describe the standard ionospheric correction and how different ionospheric scenarios have been modelled for the present analysis, respectively. Section 4 presents an overview of the selected conditions to be evaluated. Finally, Sections 5 and 6 present the results of the simulations and final remarks.
STANDARD IONOSPHERIC CORRECTION
Conventionally, RO data processing is performed on the measurements of GNSS signals in L 1 (1575.42 MHz) and L 2 (1227.60 MHz) bands. According to the dispersion method [4] , the corrected bending angle (α c ) can be calculated from the retrieved α L1,L2 as a function of a common impact height (a),
(
Based on the corrected bending angle, tropospheric parameters such as pressure, temperature and humidity are retrieved. Despite the advantages, i.e., low complexity and no prior knowledge of the ionospheric conditions, the dispersion method relies on the fact GNSS signals are propagated in the same trajectory, regardless of their frequency. In fact, this fundamental condition is not totally satisfied. Ray tracing simulations [11] [12] [13] have shown the difference between the ray path of L1 and L2 signals can reach the order of kilometers depending on the distribution of electrons in the ionosphere. As a consequence, the retrieved bending angles do not have the same impact height [14] . Thus, Equation (1) includes an inherent error on the corrected bending angle. The residual ionospheric error is the source of the bias present in any atmospheric parameter derived from the corrected bending angle. For instance, the temperature error derived from RO data can reach approximately 0.3 K at 30 km altitude [15] . The RIE is denoted as
where α n stands for the bending angle after propagation in the neutral atmosphere.
IONOSPHERIC MODEL
In order to analyse the influence of different ionospheric scenarios on the neutral bending angle error, the ionosphere has been modeled by the asymmetric Chapman layer function [16] , which is defined as
where ρ max is the F-layer electron density peak at r 0 (km), r is the radius height (km) from the Earth center and H stands for scale height (km). Equation (3) is used to model E and F-layer separately. Consequently, the electron density profile outcome is defined by two electron density peaks (ρ max E,F ), heights (r 0E,F ) and scale heights (H E,F ),
in which ρ E shapes essentially the distribution of electron within 80 and 150 km and ρ F from 150 up to 650 km. Equation (4) can be easily adapted in order to add a perturbation to either E or F term, as an artifact to model vertical gradients along the ionosphere. For the analysis presented in this paper, the sinusoidal perturbation was combined to the F term. Then, Equation (4) is rewritten as
where β is the amplitude of the sinusoidal perturbation, given in percentage, and L 0 is the oscillation period (km). The electron density profile is converted to refractivity and combined to the exponential neutral atmosphere as [17] (6) where N 0 is refractivity at the ground (350 km) and H 0 the scale height (8 km) for the refractivity.
SIMULATION
The F-layer electron density peak varies during day and night-time, mostly related to low or high solar activity periods. Therefore, the sinusoidal perturbations have been combined to such a range of peak values. Regarding the vertical gradients, cases assuming β = (0, 0.01, 0.03, 0.10) have been considered. In this context, case β = 0 represents a scenario without perturbation, called in this paper as clean. All the cases considering some level of oscillation are referred as disturbed. The oscillation period L 0 = 5 km has been assumed for every case. Figure 1(a) depicts the electron density profiles (clean cases) given by Equation (4) and Figure 1 (b) presents in detail a profile considering additional wave structures described by Equation (5). For comparison with more realistic conditions, some cases have been selected from a dataset of an empirical model for the ionospheric electron density [18] . The dataset gathers ionospheric profiles inverted from raw COSMIC measurements. In [18] , the authors also proposed a scintillation index, or Occultation Scintillation Index Proxy (OSPI), as metric to categorize electron density profiles regarding the presence of disturbances. OSPI is defined as the standard deviation normalized by ρ F of the difference between consecutive samples points on the electron density profile within r min and r max height range,
For the index calculation, the distance considered between consecutive points was 1 km. The standard deviation was calculated within 550 km (r min ) and 650 km (r max ). Assuming clean profiles as the ones with OSP I < 0.001 and disturbed as OSP I > 0.031, 10 clean and 10 disturbed profiles have been selected including the minimum and maximum F-layer electron density peaks profiles observed in the dataset. Figure 2 presents the selected electron density profiles. A wave optics propagator assuming Multiple Phase Screen technique [19, 20] has been implemented to simulate the propagation of the GNSS signals through the Earth's atmosphere. Our simulations considered exponential neutral refractivity for both analytic and realistic cases. The reference bending angle (α n ), required to performed the standard ionospheric correction and given by Equation (1), is retrieved from Abel Transform and assumes an neutral atmosphere with exponential refractivity as well.
RESULTS
The neutral bending angle error, the difference between the corrected bending angle (α c ) and the one neglecting ionosphere, have been calculated within the impact height range of 20 km and 40 km. Figure 3 depicts the maximum bending angle error for every simulated scenario as a function of the electron density peak in F-layer. The dependence of the residual ionospheric error regarding the ionospheric conditions is clearly stressed on the curves. The RIE increases mainly due to the influence of the F-layer electron density peak. The solid curves are roughly equal, which means presence of disturbance on the analytic electron density profiles produced a small contribution on the RIE. The same trend is observed between clean (blue circles) and disturbed (red circles) dataset profiles. Overall, analytic and dataset profiles presented good agreement regarding RIE. A better fitting would be possible if parameters such as scale height (H E,F ), electron density peaks and height (ρ max , r 0 ) would be adjusted. Further, RIE for cases with ρ F < 2 · 10 11 are mostly limited to the numerical noise floor in our MPS implementation.
CONCLUSION
The residual ionospheric error affects significantly the accuracy of radio occultation measurements. This work presented an analysis of the residual ionospheric error on the corrected bending angle in lower altitudes (stratosphere). Parameters such as small-scale vertical structures and F-layer electron density peak had their influence evaluated. The results depict a good agreement between analytic and dataset profiles regarding the RIE. However, this may on the other hand be the result of the limited dataset used on this study. For instance, the maximum F-layer electron density for disturbed cases is not as great as observed in clean cases.
The influence of F-layer electron density peak, and consequently the total electron content (TEC) and the gradient caused by the F-layer bulge, has a major contribution on the RIE, whereas small-scale vertical structures on the electron density profiles presented a minor influence.
Further investigation must be performed in order to fully gauge the effect of electron density perturbations on the RIE assuming a larger statistical survey of measured ionospheric profiles.
